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Abstract 
Thermal fatigue resistance is one of the most important characteristics of the materials subjected to rapid temperature 
changes, i.e., high-pressure die casting, hot forging. Therefore the aim of the present study was to determine the 
suitability of using the functionally graded materials (FGM) in applications subjected to thermal fatigue. A specially 
designed thermal fatigue test was utilized, developed to be used on servo-hydraulic testing machine, Gleeble 1500D. 
The FGM samples were prepared using a laser cladding method that ensures sound welds. Two different filler 
materials on the AISI H13 tool steel were utilized, varying in the content of the silicon. The gradation in the 
properties was made by changing silicon content with varying welding parameters, and thus achieving gradation of 
the secondary carbide content. The test results show that the silicon distribution has large effect on thermal fatigue 
resistance; the resistance is decreasing with the increasing the content of silicon in the filler material. This was 
studied through the sequence of crack formation. The results of this study will contribute to prolonged use of die 
casting tools.  
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1. Introduction 
High-pressure die casting (HPDC) is a wildly utilized manufacturing process, used for the production 
of engineered metal parts from different materials, mostly aluminum, copper, magnesium and others. The 
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process consists of the injection of the molten metal from the die casting sleeve into the steel die casting 
cavity with the rapid movement of the plunger in the shot sleeve. After the solidification of the casting, 
the casting is ejected and the surface of the die is sprayed with a cold lubricant. This process is repeated 
several thousand times and results in degradation of a die mainly due to two different failure mechanisms: 
heat checking, and cracking due to wear or erosion. Of the former the heat checking limits the service life 
more than cracking due to wear or erosion, [1]. 
In order to increase the service time of a die, various methods have been proposed in the past, e.g., 
nitriding, PVD/CVD coatings, etc, [2,3]. On the other hand functionally graded materials (FGMs) offer 
new and unexplored possibility for increasing service time of a die. The concept of FGM was first 
considered in 1984 by Japan scientist at the Sandai area. The widespread of their use is manly limited 
because of the high production costs and lack of failure to understand the processes by which they can be 
exploited. 
The researches of FGMs that were found in the literature can be divided into many different fields i.e. 
their production, practical use, their testing during thermo-mechanical loading, studies of their fracture 
mechanics and numerical simulations and modeling of the previously mentioned fields, [4,5]. 
The fields are subjected to a large quantity of studies though there is a lack of experimental studies of 
the bulk FGMs. Rear experimental studies have shown that the thermal stresses can vary in the gardened 
field in their intensity as well as in their sign (tension – strain). This can have a large effect on the 
dynamic of crack formation and crack growth. 
Therefore the aim of the present study was to investigate the possibility of using FGM in the die 
casting applications that are subjected to thermal fatigue, investigate what combination of materials would 
yield best results. This will serve as a basis for further testing and the knowledge gained in this study will 
be highly usable in the industrial environment, further lowering the costs that derive from repairing the die 
casting dies. 
2. Experimental procedure 
2.1. Used material 
As a reference material and the base material for all the samples, an AISI H13, chromium-type hot-
work tool steel was selected, because of its frequent use as die material in the casting industries. The high 
chromium content in this type of steel improves resistance to softening at higher temperatures. It is also 
used for extrusion dies, wear resisting tools and for pressing tools for light and heavy metal forgings.  
The chemical composition of the added filler and base materials are given in Table 1. The filler 
material was chosen to have the same amount of carbon and chromium as base material but vary in the 
content of silicon and molybdenum. The filler material 2 had also higher amount of manganese. 
As reported by Delagnes et al [6], the silicon content influences the tensile strength and fatigue 
resistance. 
Table 1. Chemical composition of base and filler material, given in wt. %. 
 C Si Mn Cr Mo V 
Base 0.39 1.0 0.38 5.15 1.35 1.0 
Fill 1 0.34 0.23 0.24 4.5 2.9 0.66 
Fill 2 0.35 0.7 0.6 5.3 1.5 0.01 
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2.2. Laser cladding 
The welding system used for the experiments integrates X-Y-Z CNC motion system, Nd:YAG laser 
(Lasag Easy welder SLS CL 60), optical fiber, beam collimator and the welding head. The welding head 
includes a focusing optics, a shielding gas nozzle and viewing optics. The focus diameter with 200 mm 
focusing optic is 0.9 mm. During welding process cladds were shielded with a constant flow of inert gas 
(Argon 5.0) 6 l/min while the operator adds the filler wire (0,5 mm diameter) in the laser path. The laser 
welding process parameters and the pulse shape was chosen to obtain the minimal defect formation, such 
as pores and cracks. It is known that sound welds in cold (without preheating of the base material) can be 
obtained by the pulse with the annealing effect of relatively long duration (over 40 ms) and ramped-down 
shape, [7]. 
The thickness of the laser cladded surface was 0.5 mm, with approximate remelting of 50 % of 
previous layer. Four layers of cladds were utilized to construct the FGM with gradation of silicon content. 
2.3. Thermal fatigue testing 
In order to evaluate the FGM die a special test rig for thermo-mechanical fatigue was utilized. For 
obtaining reliable test data it is of a great importance that the test is computer controlled and highly 
repeatable. The test was implemented in to a thermo-mechanical simulator of metallurgical states, the 
Gleeble 1500D which enables the possibility of computer guided resistance heating of specimens and 
simultaneous movement of the working jaws. The test was modified to enable comparative testing of the 
specimens made of FGM and conventional tool steel. 
Circular, hollow shaped specimens were applied for testing (Figure 1a).The thermocouple, needed for 
temperature measurement and guidance was spot welded in the middle of the internal wall of the 
specimens. The cooling chamber was placed around the testing zone of the specimen, as depicted in 
Figure 1b. The cooling and emptying process was optimized by a pair of magnetic computer controlled 
valves.  
The maximum temperature for testing was selected to be 650 °C to which the specimen was heated 
with the heating rate of 200 K/s. After achieving the maximum temperature the water quenching was 
started and lasted for 0.6 s. The water and steam was driven from the chamber with a 1.5 s blow of 
compressed air. 
The testing was interrupted after 1500, 2500, 5000 and 7500 cycles. The oxide layer was removed and 
the specimens were optically examined. 
a)  b)  
Figure 1. a) Technical drawing of the specimen, b) the cooling chamber around the specimen. 
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3. Results 
3.1. Measurement of the temperature in control specimen 
The temperature measured in the control specimen with 4 thermocouples during the quenching of the 
specimen surface is presented in Figure 2a. It is obvious, that the temperature just beneath the surface 
drops much faster than the temperature on the inner surface of the specimen. The temperature in the 
surface layers starts rising just after the quenching is interrupted. This happens due to the excess heat still 
stored in the inner part of the specimen. The cooling rate, calculated with the derivation of the 
temperature measured at the thermocouple at the surface of the specimen, was found to be around 4000 
K/s, which is substantially higher than reported by other authors [8]. 
A number of different maximum temperatures were first taken into account, varying from 300 °C to 
700 °C in 50 K intervals. The temperature difference between the thermocouple welded 0.3 mm from the 
surface and the thermocouple welded on the inner wall of the tube in dependence to the maximum 
temperature is presented in the Figure 2b. It can be seen that the temperature difference during cooling 
rises with increasing maximum temperature, with the maximum difference reaching 470 K at the 
maximum temperature of 700 °C. 
At the chosen test temperature, 650 °C, the maximum difference is 420 K and is reached 0.25 s after 
the onset of the water cooling. This temperature was chosen as the optimum temperature because it has 
proven to be the closest to the maximum temperatures achieved on the surfaces of die casting dies during 
operation, [9]. 
3.2. Appearance of surface cracking 
The appearance of thermal checking on the surface of the samples was observed using binocular 
microscope. The oxide that formed on the surface of the specimen was removed using polishing cloth and 
colloidal silica. 
The appearance of surface crack formation after 2500 cycles is presented in Figure 3. It can be seen, 
that there are no cracks on base material and on the surface of fill 1 material, but a severe cracking can be 
observed on the surface of filler material 2.  
a) b)  
Figure 2. a) Temperature in different depths from the quenching surface during the cooling part of the cycle. b) The temperature 
difference in the specimen during cooling cycle in respect to the different maximum temperatures. 
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a) b) c)  
Figure 3. Appearance of surface cracks after 2500 cycles, a) base material, b) fill 1, c) fill 2. 
The appearance of surface cracks after 5000 cycles is presented in Figure 4. It can be seen that the base 
material is starting to crack, but the cracks on the surface of the fill 1 material did not grow to a visible 
amount. The cracks on the surface of fill 2 material are becoming denser. The formally grown cracks 
grew and the heat checking is being more pronounced. A net of cracks 0.5x0.5 mm2 can be observed. 
Some small dents are visible on the surface of fill 1 material, but they derive from the laser cladding 
process, not from thermal fatigue. 
In the Figure 5 the surfaces of the samples after 7500 cycles are presented. The cracks are more 
pronounced on the surface of the base material compared to the previous state. The cracks at the surface 
of fill 1 material are just starting to form, but are substantially smaller than those of the base material. 
This appearance is almost the same as the cracks formed on the surface of base material just after 5000 
cycles. The cracks formed at the surface of fill 2 material have completely formed a net, combining the 
previously unconnected cracks.  
From the presented figures it can be clearly seen that the cracks form earlier at the surfaces of fill with 
higher content of silicon in the composition. The surface is cracked after 2500 cycles, whereas the surface 
of fill 1 material, with lower silicon content, just started to show first cracks after 7500 cycles. 
The surface of the base material started cracking before the surface of fill 1 material, but later than the 
surface of fill 2 material. The base material is hot worked with controlled microstructure, whereas the fills 
are made with laser cladding and thus have inferior microstructural properties to base material. 
a) b) c)  
Figure 4. Appearance of surface cracks after 5000 cycles, a) base material, b) fill 1, c) fill 2. 
a) b) c)  
Figure 5. Appearance of surface cracks after 7500 cycles, a) base material, b) fill 1, c) fill 2. 
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Figure 6. Micrograph of the cross section of the sample welded with filler material 2. 
The specimen welded with the fill 2 material was cut along the middle section and was 
metalographically examined. The micrograph is presented in the Figure 6. Cracks that form at the surface 
of the specimen continue down to the base material in a mode 1 fracture appearance (quasi brittle 
fracture). The largest cracks measured almost 1 mm in length, reaching specimen base material. 
4. Conclusions 
A thermal fatigue test was developed to characterize the thermal fatigue resistance of differently 
functionally graded materials. The test has proven to be well controlled and highly repeatable. The 
cooling rates that were recorded during the test at the surface of the specimen were considerably higher 
than those found in the literature. 
Two differently constructed materials were tested and compared to base material. The samples welded 
with the filler 2 material cracked severely after 1500 cycles, while the cracks at the surface of filler 
material 1 were the last to form. The cracks on the base material also started to form before the cracks on 
the surface of filler material 1 but later than those on the surface of filler material 2. 
The presented analysis will serve as a basis for further characterization of FGM materials subjected to 
thermal fatigue. The results will most certainly help to increase the use of FGM materials in the future. 
References 
[1] Klobþar D., Tušek J., Taljat B. Thermal fatigue of materials for die-casting tooling. Mater Sci Eng A 2008;472:198–207. 
[2] Gulizia S., Jahedi M. Z., Doyle E. D. Performance evaluation of PVD coatings for high pressure die casting. Surf Coat 
Technol 2001;140:200-5. 
[3] Persson A., Bergström J., Burman C. Hogmark S.,Influence of deposition temperature and time during PVD coating of CrN 
on corrosive wear in liquid aluminium. Surf Coat Technol 2001;146-147:42-7. 
[4] B. Kieback, A. Neubrand, H. Riedel Processing techniques for functionally graded materials. Mater Sci Eng A 2003;1-2: 81-
106. 
[5] Liu X.W., Plumbridge W.J. Thermomechanical fatigue of Sn–37 wt.% Pb model solder joints. Mater Sci Eng A 2003;1-
2:309-21. 
[6] Delagnes D., Lamesle P., Mathon M.H., Mebarki N., Levaillant C. Influence of silicon content on the precipitation of 
secondary carbides and fatigue properties of a 5%Cr tempered martensitic steel. Mater Sci Eng A 2005;394:435-44. 
[7] Pleterski M. Tušek J., Kosec L., Muhiþ M., Muhiþ T. Laser repair welding of molds with various pulse shapes. Metalurgija 
2010;49:41-4 
[8] Fissolo A., Amiable S., Ancelet O., Mermaz F., Stelmaszyk J.M., Constantinescu A., et al. Crack initiation under thermal 
fatigue: An overview of CEA experience. Int J Fatigue 2009;31:587-600. 
[9] Klobþar D., Tušek J. Thermal stresses in aluminium alloy die casting dies. Comp Mater Sci 2008; 43:1147–54. 
